Rationale: The ratio of Pa O 2 to FI O 2 (P/F) defines acute respiratory distress syndrome (ARDS) severity and suggests appropriate therapies.
Pa O 2 normalized to FI O 2 (P/F) is used to classify acute respiratory distress syndrome (ARDS) severity. Three degrees of severity are defined: mild ARDS, with a P/F ratio between 200 and 300 mm Hg; moderate ARDS, with a P/F between 100 and 200 mm Hg; and severe ARDS, with a P/F ratio less than 100 mm Hg (1) . Unconventional treatments, such as extracorporeal membrane oxygenation (ECMO), are usually applied in the most severe cases of ARDS, whereas treatments such as longterm prone positioning have been proven effective only in patients with a P/F ratio below 150 mm Hg. In the two institutions collaborating in this study, patients with ARDS routinely undergo computed tomographic (CT) scans at airway pressures of 5 and 45 cm H 2 O on admission. This allows pulmonary anatomical characteristics to be determined by quantifying the amount of overinflated, normally inflated, and noninflated tissue; lung weight; the extent of inhomogeneity; as well as the total lung capacity. Thus, the anatomical and functional characteristics can be correlated with physiological variables in different ARDS severity subgroups. Approximately one-half of the patients with severe ARDS were treated with ECMO. The first aim of this study was to determine whether using a threshold of 150 mm Hg P/F to divide the moderate ARDS group into two subgroups would identify patients who differed in their anatomical and physiological characteristics and consequently in the recommended therapeutic approaches (2) . In addition, we wished to determine whether the patients receiving ECMO, presenting with a similar degree of ARDS severity according to the P/F ratio, significantly differed from those who did not undergo ECMO. Finally, we investigated whether mechanical ventilation, applied to the different subgroups to provide gas exchange compatible with life, was different within the subgroups and to what extent.
Methods

Study Population
The study population consisted of 227 patients, studied between 2003 and 2016 in three university hospitals (Policlinico Milano, Milan, Italy; University Medical Center Göttingen, Göttingen, Germany; and Pontificia Universidad Católica de Chile, Santiago, Chile). The patients from Chile (n = 12) were enrolled between 2003 and 2005 in a previous study on lung recruitability, Although the Chilean institution did not continue to contribute after 2005, we included these patients in the analyses as planned at the beginning of the study. It should be noted that removal of the Chilean patients from the analysis did not alter the results. All patients had received a diagnosis of ARDS, but the study population was limited to those for whom two CT scans, conducted at 5 and 45 cm H 2 O of airway pressure, were available. The median time elapsed between admission and the CT scan was 1 day (interquartile range, 2). The first 68 patients, enrolled between 2003 and 2005, 12 of whom were treated in the Pontificia Universidad Católica de Chile, were the population of a previous study on lung recruitability (3). The two-CT scan protocol was initially introduced in that study and became a routine standard of care in the participating hospitals from 2006 to date. This study is a retrospective analysis of the combined Milan and Göttingen databases. The ethics committee was notified and permission to use the data was granted (Göttingen Antragsnummer 14/12/12).
Study Design
Using the baseline records, the patient population was reclassified according to the Berlin definition (1), into three severity groups: mild ARDS (P/F between 201 and 300 mm Hg; n = 38), moderate ARDS (P/F between 101 and 200 mm Hg; n = 105), and severe ARDS (P/F < 100 mm Hg; n = 84). The patients with moderate ARDS were divided into two subgroups: mild-moderate (P/F between 150 and 200 mm Hg; n = 50) or moderate-severe (P/F between 101 and 149 mm Hg; n = 55). Four subgroups were thus available for analysis. In addition, the severe ARDS group was further split into two subgroups according to a baseline FI O 2 lower (n = 18) or higher (n = 63) than 80% (FI O 2 values were missing for three patients). The patients belonging to the latter group where further divided into those receiving ECMO (n = 41) and those not receiving ECMO (n = 22).
Outcome Measurements
Respiratory and gas exchange variables were recorded at baseline. Baseline was defined as the time as close as possible to the CT scan examination. This was taken within a median of 1 day from admission. Data were obtained from sedated/paralyzed patients. Regarding patients receiving ECMO, baseline refers to the period before ECMO.
Gas VT to driving pressure. The mechanical power was normalized to the TLC (see below).
CT scan analysis and derived variables. CT images were processed with custom-designed software (Maluna) (5), and CT-derived variables were computed (6): lung weight, nonaerated tissue (from 1100 to 2100 HU), poorly aerated tissue (from 2100 to 2500 HU), normally inflated tissue (from 2500 to 2900 HU), and hyperinflated tissue (from 2900 to 21,000 HU). Recruitability was computed as the difference between nonaerated lung tissue at an airway pressure of 5 cm H 2 O and nonaerated lung tissue at 45 cm H 2 O, divided by lung weight. FRC was arbitrarily defined as the gas measured by CT scan at 5 cm H 2 O (FRC 5 ), and total lung capacity as the gas measured by CT scan at 45 cm H 2 O (TLC 45 ). Total lung volume was measured as tissue volume (i.e., lung weight) plus total lung capacity.
Lung inhomogeneity. Lung inhomogeneity was estimated at both 5 and 45 cm H 2 O airway pressure, comparing the gas fraction of each voxel with the surrounding ones. We defined as nonhomogeneous the voxels with an inhomogeneity greater than 1.61, which is the 95th percentile of the lung inhomogeneity values measured on the CT Definition of abbreviations: ARDS = acute respiratory distress syndrome; MM = mild-moderate; MS = moderate-severe; PEEP = positive end-expiratory pressure; TLC 45 = total lung capacity measured by computed tomographic scan at 45 cm H 2 O; V : Ecorr = corrected expired volume per minute, calculated as the measured minute ventilation times Pa CO 2 /40. Baseline gas exchange, ventilatory, and mechanical respiratory data are here reported as mean 6 SD for the various ARDS severity groups (mild, mild-moderate, moderate-severe, and severe).
scans of a normal population (7) (see the online supplement for details).
Mortality. ICU mortality was recorded.
Statistical Analysis
Continuous data are described as means 6 SD, and categorical data are reported as frequencies and percentages. For categorical variables, null hypotheses of no group differences were tested using Pearson's x 2 test, and one-way ANOVA was used for continuous variables. The likelihood of ICU death was modeled using logistic regression models applying standard procedures for model selection and diagnostics. Effects are reported as odds ratios with 95% Wald-type confidence intervals and P values of Waldtype tests. All statistical analyses were performed with R Commander software (8) or SAS version 9.4 (SAS Institute).
Results Table 1 summarizes the anthropometric characteristics of the study population and the causes leading to ARDS, grouped according to a modified Berlin definition. The patients were similar regarding age and sex, whereas the body mass index was slightly higher in the patients with severe ARDS. Pneumonia was the most frequent cause of ARDS in all groups, followed by sepsis, trauma, and aspiration. The Simplified Acute Physiology Score (SAPS) II (9) was similar in all five groups, whereas mortality significantly increased with disease severity.
Gas Exchange
As shown in Table 2 , all gas exchange variables, as well as V :
Ecorr, a surrogate measure of dead space, significantly worsened from the mild to the severe group. In addition, Pa CO 2 (41 6 8 vs. 47 6 16 mm Hg; P , 0.01) and pH (7.42 6 0.07 vs. 7.37 6 0.07; P , 0.001) differed significantly between mild-moderate and moderate-severe ARDS.
Ventilatory Settings
To maintain oxygenation, FI O 2 had to be increased from 40% to 88% and PEEP from 10 to 14 cm H 2 O ( Table 2) . A lower VT, as in severe ARDS, was associated with a higher respiratory rate and the V :
E was similar in all subgroups. The mechanical power provided by the ventilator, normalized to the total lung capacity, increased significantly with the severity of ARDS. In addition, it was significantly higher in patients with mild-moderate compared with moderate-severe ARDS (7.3 6 3.8 vs. 10.5 6 7.8 J/min/L; P = 0.016).
Respiratory System Mechanics
The variables resulting from the applied ventilatory settings are reported in Table 2 . They tended to worsen with ARDS severity and attained statistical significance for peak and plateau pressures. The patients with mild-moderate and severe-moderate ARDS showed similar respiratory mechanics characteristics but significantly higher peak pressures. Of note, the driving pressure was similar in all groups. Figure 1 shows variables derived from CT scans at airway pressures of 5 and 45 cm H 2 O in patients with different degrees of ARDS severity. The normal total lung volume (the sum of tissue volume plus total lung gas capacity) expected for this population (10) is included for comparison with the values measured at 45 cm H 2 O. At 45 cm H 2 O of airway pressure, total lung volume was always less than that expected, indicating that the increase in tissue volume due to edema did not fully replace the loss of gas volume. This suggests the presence of atelectasis. At airway pressures of both 5 and 45 cm H 2 O, the total gas volume progressively decreased with the increase in ARDS severity, whereas the total tissue volume increased significantly in an inverse manner. Tissue volume was significantly higher in patients with moderate-severe ARDS than in patients with mild-moderate ARDS. 
CT-derived Variables
Response to Increased Airway Pressure
Recruitability. Figure 2A shows the amount of tissue that was reinflated when the airway pressure was increased from 5 to 45 cm H 2 O, and Figure 2B shows the total lung weight. Both recruited tissue and lung weight increased significantly with increasing ARDS severity. Similarly, recruitability, computed as a fraction of the gasless tissue that was reinflated at 45 cm H 2 O airway pressure increased with ARDS severity and was significantly higher in patients with moderate-severe ARDS than in patients with mild-moderate ARDS (11.5 6 9.3% vs. 16.8 6 11.1%; P = 0.014) ( Table 3) .
Inhomogeneity. Inhomogeneity increased significantly with increasing ARDS severity (Table 3 ) and was significantly greater in patients with moderate-severe ARDS than in those with mild-moderate disease. Changes in inhomogeneity with pressure are shown as the ratio between the inhomogeneity at 45 cm H 2 O of airway pressure to that at 5 cm H 2 O. A ratio of unity indicates that inhomogeneity does not change with pressure; a lower ratio indicates that inhomogeneity decreases when the pressure is increased, whereas the opposite is true for a ratio greater than 1.0. The effects of increasing airway pressure on inhomogeneity progressively decrease throughout the severity groups. The inhomogeneity ratio did not differ significantly between the mild-moderate and moderate-severe groups. The inhomogeneity fraction is primarily determined by the fraction of poorly aerated tissue. This is seen in Figure 3 , in which we show the effects of increasing pressure on poorly aerated tissue ( Figure 3A) . As shown, these changes parallel the changes in inhomogeneity ( Figure 3B ) that we found in the four groups. 
Factors Determining Moderate-Mild versus Moderate-Severe Differentiation
As shown in Tables 2 and 3 , several variables were significantly different between patients with mild-moderate and moderate-severe ARDS, namely FI O 2 , Pa CO 2 , pH, peak pressure, mechanical power/total lung capacity ratio, lung recruitability and inhomogeneity, total lung weight, and noninflated, poorly inflated, and well-aerated tissue. A logistic regression model showed how CT analysisrelated variables (noninflated tissue, wellinflated tissue, and lung weight) and oxygenation (FI O 2 ) were independently significant in underlying the difference between patients with mild-moderate and moderate-severe ARDS. Adding a center effect analysis to this model gave a strong predictor for the likelihood of patients from Milan to be in the moderate-severe group. Also in this model, however, FI O 2 , total lung weight, and well-inflated and noninflated tissue were significantly correlated with the moderate-mild versus moderate-severe differentiation (see Tables E3 and E4) . Finally, simplifying the model by selecting, one at a time, the CT variables (which are in part related to the other), the factors differentiating patients with mild-moderate and moderate-severe ARDS were as follows: FI O 2 (P , 0.001), and either lung weight (P , 0.01) or noninflated tissue (P , 0.01) or lung recruitability (P , 0.01). Indeed, the patients with moderate-severe ARDS, compared with patients with mild-moderate ARDS, required greater effort to maintain oxygenation through the lungs with remarkably worse anatomical conditions.
Severe ARDS and Factors Driving the Decision on ECMO
To assess whether the use of ECMO was dictated by the difficulty in maintaining oxygenation, we divided the patients with severe ARDS into two groups according to whether FI O 2 was higher or lower than 80% at baseline. As shown in Table 4 , the average FI O 2 of the higher FI O 2 group was 94 6 8% versus 67 6 6% in the lower FI O 2 group (P , 0.001), whereas Pa O 2 did not differ (74 6 20 vs. 77 6 16 mm Hg; P = 0.59). The group requiring an FI O 2 higher than 80% appeared altogether more severely ill in several other aspects. For example, Pa CO 2 was significantly higher despite a significantly larger V : E and respiratory rate, and peak and plateau pressures were significantly higher. PEEP was 2 cm H 2 O higher in the high-FI O 2 group (i.e., 14.1 vs. 12.0 cm H 2 O; P = 0.052), and the normalized mechanical power doubled (8.5 vs. 17.9 J/min/L; P = 0.05). Driving pressure and compliance did not differ significantly. As shown in Table 4 , several CT variables such as lung volume, lung weight, nonaerated tissue, and well-aerated tissue appeared more compromised at the higher FI O 2 but without attaining statistical significance. The need for higher FI O 2 , however, led to the selection of a subgroup of the "very severe" ARDS group with overall greater severity. The bulk of the data suggest, therefore, that the main reason for implementing extracorporeal support was the difficulty in providing adequate oxygenation. Indeed, 41 of the 46 patients treated with ECMO (89%) were from the higher FI O 2 group, whereas only five patients with ECMO were from the lower FI O 2 group (P , 0.001).
Interestingly, however, 22 patients in the high-FI O 2 group did not receive ECMO. In Table 5 we compare the characteristics of E, peak pressure, driving pressure, and PEEP) were remarkably similar. VT, in contrast, was significantly larger in non-ECMO patients. The anatomical variables were markedly worse in patients treated with ECMO, who showed significantly higher total lung weight (24%) and nonaerated tissue fraction (57%). Of note, the CT data were not available to the clinician when ECMO was applied.
Factors Affecting Mortality
Eighty-seven patients (38%) died in the ICU. The effects of age, sex, inhomogeneity, power, hypoxemia, and SAPS II on ICU mortality were assessed using a logistic regression model. We identified a model including inhomogeneity (P , 0.01), SAPS II (P , 0.0001), and FI O 2 (P , 0.0001) that gave the best fit.
Because the data were collected in two centers, we explored a possible center effect and their interactions with the effects of inhomogeneity and SAPS II. Neither the center effect (P = 0.138) nor any of the interactions (P = 0.636 for inhomogeneity and P = 0.269 for SAPS II) were found to be statistically significant (see the online supplement).
Discussion
The main result of this study was that using a P/F threshold of 150 mm Hg measured at 5 cm H 2 O PEEP to further divide the moderate ARDS group enabled us to identify two subpopulations that differed significantly regarding physiological variables, invasiveness of ventilation needed to ensure gas exchange compatible with life, and anatomical characteristics as shown by the CT scans. Retrospectively, we found that clinicians had chosen to implement ECMO in patients who had significantly greater lung weight, lower recruitability, and more nonaerated and less well-inflated tissue compared with similar patients who were not treated with ECMO. We also confirmed that mechanical ventilation becomes potentially more harmful with increasing ARDS severity. We found that the more severe the ARDS, the less effective was an increase in airway pressure in reducing lung inhomogeneity. Lung inhomogeneity was even worsened with increasing airway pressure in the patients with severe ARDS and receiving ECMO.
Mild-Moderate versus ModerateSevere ARDS
The Berlin definition of ARDS classifies all patients with ARDS with a P/F ratio between 101 and 200 mm Hg as having moderate disease. The majority of patients with ARDS belong to this subgroup: 64% in the original description of the Berlin definition (1), 47% in a survey of 3,022 patients (11) , and 55% in a series of patients for whom the Berlin classification was modified by measuring P/F at 5 cm H 2 O PEEP (12) . Indeed, the 101-to 200-P/F interval includes patients in whom the shunt fraction may range from 20% to 60%, depending on the applied FI O 2 (13) . Because ARDS induces inflammatory edema, it seems reasonable to define its severity according to the extent of the latter (14) . In a series of patients with ARDS we previously found that lung weight, a surrogate measure of edema, increased significantly only at a P/F lower than 150 mm Hg (3). Using this threshold in clinical studies (15) and meta-analysis (16) revealed treatment-related outcome differences, which were not seen when higher thresholds were used (17) . Therefore, both anatomical and clinical data may justify the use of this "intermediate" threshold. Dividing the moderate ARDS group into two subgroups actually gives a more even distribution of patient numbers within the ARDS categories, and a homogenization of patients within the categories. In summary, we used the 150 threshold for the following reasons: 1) A P/F of 150 mm Hg was a threshold at which the extent of lung edema estimated from the CT scan increases significantly, as we described previously (3); 2) at a P/F lower than 150 mm Hg, interventions such as prone position provided clinical benefits (15) that were not found at higher P/F ratios (16) , suggesting that the amount of collapse and inhomogeneity becomes significant in this P/F range; and 3) the new moderate-mild and moderate-severe subgroups will be nearly similar in size to the mild and severe ARDS groups, which should facilitate their comparison. Several factors, such as higher Pa CO 2 , Ppeak, FI O 2 , and lower pH, indicate significantly greater ARDS severity in the moderate-severe subgroup than in the mild-moderate subgroup. In addition, patients in the moderate-severe subgroup had higher lung weight, more poorly inflated and noninflated tissue, greater inhomogeneity and higher recruitability, as well as a smaller amount of well-inflated tissue. The bulk of all data strongly suggests that splitting the moderate ARDS group into two subgroups defines two populations that seem to differ greatly, on the whole. In addition, the recruitability found in moderate-severe subgroups, which was similar to that in the severe group (see Figure 2) , suggests that such a threshold may lead to the use of more appropriate PEEP and give more homogeneous patient selection in future trials in which the extent of recruitability could be a determinant factor. This has already been observed, for example, in the PROSEVA (Proning Severe ARDS Patients) prone position trials (15) .
Potential for Ventilator-induced Lung Injury
Ventilator-induced lung injury results from the interaction of two factors: the ventilator settings and the condition of the lung parenchyma (size and homogeneity). In our population, we found that the potentially injurious ventilator settings, that is, FI O 2 (18) , plateau pressure, and mechanical power (5), increased steadily from mild to severe ARDS.
Contrariwise, mechanical ventilation is applied to progressively smaller and more inhomogeneous "baby lungs" (19, 20) . The potentially harmful effect due to the reduced lung size is evident from the analysis in Table 3 . As shown, inhomogeneity and associated stress "risers" increase along with ARDS severity (21) . One of the putative effects of higher PEEP levels is to reduce lung inhomogeneity (22) , thus decreasing the potential for atelectrauma (23) . However, we found that increasing the airway pressure had varying effects on homogeneity ( Figure 3) . Indeed, whereas an increase in airway pressure reduced inhomogeneity by about 20% in patients with mild ARDS, this effect was less pronounced in patients with increasing ARDS severity. This effect even became negative in patients with more severe ARDS, in whom an increase in airway pressure up to 45 cm H 2 O worsened inhomogeneity, instead of decreasing it (see Figure 3) . This finding suggests that the use of very high PEEP levels in patients with the most severe ARDS should be undertaken only with great caution. Interestingly, high-pressure recruitment and high PEEP resulted in a worse outcome when compared with lower PEEP levels (21) .
Severe ARDS and Factors Driving the Decision on ECMO
Since the first era of ECMO (24) , which ended with the Zapol and colleagues ECMO trial (25) , the main indication for extracorporeal support was severe oxygenation impairment, which even today remains, with slightly different definitions, the main criterion for initiating ECMO (26) . In our study population, the patients who did or did not receive ECMO belonged to the severe ARDS group. However, when we split this category according to the baseline FI O 2 (above or below 80%), which reflects the difficulty in maintaining oxygenation, we found that nearly 90% of the patients who received ECMO belonged to the higher FI O 2 group. This suggests that, even nowadays, oxygenation impairment is E. The relatively small differences of FI O 2 and Pa CO 2 were associated, however, with a marked difference in total lung weight and noninflated tissue (see Table 5 ).
Considering all data together, it appears that the major motivation for initiating ECMO was related to the difficulty in providing adequate gas exchange. This, however, was associated with even more relevant alterations of lung anatomy seen in the CT scan and not known at the time of the ECMO decision. In the end, the final clinical decision selected the most severely affected patients for ECMO. The clinical decision encompasses the physicians' experience and expertise, their knowledge of the patient's history and disease trajectory, the assessment of comorbidities and their clinical relevance, as well as the patient's responses to treatment challenges. In this study, despite the lack of a definite protocol and the unavoidable overlapping of several variables, the decision for ECMO within the severe ARDS group was restricted to a subgroup with the greatest severity.
Limitations
Although splitting the moderate ARDS group into two subgroups allowed us to define two populations with clearly different anatomical and physiological characteristics, we did not find a difference in mortality between patients with mild-moderate and moderate-severe ARDS. The lack of association between anatomy and physiology and clinical outcome is a limitation of this study, and it may be due to the limited number of subjects. The problem will be easily investigated by applying this subdivision in large populations. Another limit of this work was the unbalanced distribution of patients enrolled in the two centers, regarding the different classes of severity. Indeed, 96% of the 105 patients with moderate ARDS were enrolled in Milan, whereas 82% of the 49 patients treated with ECMO had been enrolled in Göttingen. However, we believe that the results in the moderate severity group are not affected by the factor "treatment center," as the logistic model seems to suggest. On the contrary, the effect of the factor "treatment center" on the decision for ECMO was significant. However, considering the treatment center as a categorical variable (i.e., Göttingen yes/no), we found that patients treated in Göttingen had significantly higher FI O 2 (P , 0.01), inhomogeneity ratio 45/5 cm H 2 O PEEP (P , 0.01), and Pa CO 2 (P = 0.016). The bulk of the data suggests that the higher incidence of ECMO in Göttingen was due to the greater severity of disease in the patients admitted in that center (see the online supplement for further details).
Conclusions
In these patients, who were systematically examined by CT, we found that by introducing a threshold of 150 mm Hg P/F (measured at 5 cm H 2 O PEEP) into the conventional moderate ARDS group we were able to define two different populations. In addition, we found that the clinical decision to use ECMO was restricted to a subgroup of patients with "very severe ARDS" in the severe ARDS category, in whom the difficulty in maintaining oxygenation was greater and the anatomical situation was worse. n
